The suicide inhibitory mechanism of serine protease inhibitors of the serpin superfamily depends heavily on their structural flexibility, which is controlled in large part by the breach and shutter regions of the central A␤-sheet. We examined codon usage by the highly conserved residues, Ser-53 and Ser-56, of the shutter region and found a TCN-AGY usage dichotomy for Ser-56 that remarkably is linked to the protostome-deuterostome split. Our results suggest that serpin evolution was driven by phylogenetic speciation and not pressure to fulfill new physiologic functions mitigating against coevolution with the family of serine proteases they inhibit.
The serpin superfamily features proteins that participate in a wide variety of physiologic and cellular functions ranging from blood clotting to molecular chaperoning (1) . The functional mechanism of the majority of serpins is suicide inhibition of serine proteases of clan PA, the chymotrypsin-like clan (2) . Serpins have a diverse species distribution with members of the superfamily found in plants, viruses, archaea, nematodes, arthropods, and higher animals. Thus, serpins are similar to the class of proteases they inhibit in terms of their functional and species diversity. Unlike chymotrypsin-like proteases, however, inhibitory serpins require a high degree of conformational flexibility for normal function (3). The inhibitor must be able to achieve a 70-Å translocation of the protease that is accompanied by significant structural changes (4) . Disruption of this structural flexibility has been linked to a variety of disease states characterized by protease-antiprotease imbalance (5) . The key role of conformational flexibility raises the possibility that the evolutionary history of the serpins is connected to regions of the molecule that are associated with maintaining flexibility.
Discrete evolutionary markers, in the form of conserved amino acid residues that also display dichotomous sequence choices, have been used to reconstruct the evolutionary history of clan PA serine proteases (6) . Such markers can also be identified for the serpin superfamily to obtain phylogenetic information that extends beyond measurement of sequence similarity. The information obtained from those markers could reveal whether the evolution of serpins correlates with that of the proteases they inhibit. Here we search for discrete phylogenetic markers to address the roles of structural flexibility and coevolution with proteases in the evolutionary history of the serpin superfamily.
MATERIALS AND METHODS
Amino acid and nucleotide sequences of Ͼ200 serpins were culled from GenBank TM at www.ncbi.nlm.nih.gov/Entrez. Genome sequences were translated and then aligned using ClustalW (7) to identify the codons and amino acid choices for residues of interest. For calculation of protein distance matrices, nearly identical sequences were eliminated from alignments to minimize duplication. Non-inhibitory members of the serpin superfamily were also eliminated, leaving a pool of 74 serpins as the basis for subsequent calculations. Protein distances were calculated using PROTDIST from the PHYLIP package (8) . The serpin Paz1 of Hordeum vulgare was chosen as the root for evolutionary trees constructed using the Fitch-Margoliash method (9) using the PHYLIP program FITCH.
RESULTS
Examination of protein sequence alignments identified residues Ser-53 and Ser-56 (␣ 1 -antitrypsin numbering) as potential evolutionary markers for the serpin superfamily. Ser-53 and Ser-56 are highly conserved residues located in the "shutter" region of the A␤-sheet of the serpin fold ( Fig. 1 ), which plays a key role in serpin conformational transitions (1, 10) . Notably, the alignments did not indicate any other positions where a sequence usage dichotomy might serve as an evolutionary marker.
Ser-53 is encoded almost exclusively by TCN codons. There is very limited use of Cys and Ala at this position. Both of these choices are one-nucleotide change from TCN, and Cys (encoded by TGY) is a possible intermediate in codon transitions between Ser:TCN and Ser:AGY. We did not encounter any sequences in which Ser-53 is encoded by an AGY codon. Although Cys-53 residues are evidence for the possibility of a TCN3 AGY transition at that position, such a transition has not yet occurred, suggesting unusually strong evolutionary pressure to maintain Ser at position 53.
Ser-56 is characterized by a non-random TCN-AGY codon usage dichotomy (Table I ). There are also instances of Gly, Asn, Thr, Val, and Cys at that position in 20% of the sequences. The Ser-56 codon usage dichotomy is linked to the protostomedeuterostome split. Sequences from nematodes and arthropods show TCN usage as do plant and viral serpins. However, sequences from chordates show AGY usage. Surprisingly, archaeal serpins also show AGY usage. There are few exceptions to the correlation of codon usage with animal species evolution. One serpin from Drosophila melanogaster and two serpins from the horseshoe crab show AGY usage, whereas one serpin from the urochordate Ciona intestinalis has TCN. Ser-56 appears to be a surprisingly informative evolutionary marker for serpins in that the TCN3 AGY transition associated with Ser-56 appears correlated with the evolution of deuterostome serpins away from protostome serpins.
The Ser-56 TCN-AGY dichotomy segregates the serpin su-perfamily into two lineages, referred to herein as the TCN and AGY lineages. The primordiality of TCN codons compared with AGY codons at conserved positions (11, 12) and the species segregation of the lineages indicate that the TCN lineage was older and gave rise to the AGY lineage. We used the method previously described for serine protease lineages (6) to identify the "parent inhibitor" (the modern inhibitor most similar to the putative ancestral inhibitor) for the AGY lineage. The serpin from Trichinella spiralis, a vertebrate parasite distantly related to the nematode Caenorhabditis elegans, is the parent inhibitor for the AGY lineage. Using PROTDIST units, the serpin averages 1.56 distance units from AGY lineage inhibitors. Therefore, the T. spiralis serpin is the TCN lineage serpin most similar to the one(s) that gave rise to the AGY lineage. Although one would expect this serpin to be closely related to other nematode serpins, it is more similar to serpins from chordate and higher arthropod lineages. Despite the informative nature of Ser-56, a single sequence marker does not yield enough data for detailed insight into evolution of the serpins. Therefore, a phylogenetic tree of the serpin superfamily was constructed to determine whether the correlation between codon usage and speciation mapped to the primary sequence as well (Fig. 2) . The tree was rooted using the plant serpin Paz1 from H. vulgare. The structure of the tree reflects the importance of speciation in serpin evolution. After plant sequences, nematode sequences diverge first followed by arthropod sequences. Viral serpins diverge next, finally followed by chordate serpins. Thus, the TCN-AGY dichotomy maps neatly onto the tree. The viral serpins, parent inhibitors for the AGY lineage, diverge before the AGY serpins and after the other TCN serpins. Qualitatively similar phylogenetic trees have been obtained previously (1, 13) but included smaller numbers of TCN-lineage serpins than used in this study. Together, this new dendrogram and the codon data mutually reinforce each other and point toward a heavy focus on speciation during the course of serpin evolution. It should also be noted that superpositions of dendrograms for the S1 family of chymotrypsin-like proteases (14) upon those for the serpin superfamily do not match proteases with their respective inhibitors. Neither dendrogramatic analysis (14) nor analysis of evolutionary markers (6) points toward a significant correlation between speciation FIG. 2. Phylogenetic tree of serpin sequences examined in the comparison of the TCN and AGY lineages. The tree includes a variety of newly identified serpin sequences, in particular, the archaeal serpins. Groups are named according to the group of organisms from which the majority of the serpins in each group were sequenced. Serpins that differ in species origin from their corresponding group have been marked with annotations. Some serpins do not appear to cluster with one of the major groups. Serpins are from humans unless a species is indicated. GenBank TM accession numbers are listed to the left of each serpin name in parenthesis. Protein or gene names are those used in the corresponding GenBank TM accession files. We have avoided the use of abbreviations wherever possible. a, Nostoc refers to a family of cyanobacteria found primarily in freshwater habitats. b, Schistosoma japonicum is a trematode parasite whose lifecycle includes colonization of vertebrates and freshwater snails. c, Brugia malayi is a nematode parasite whose lifecycle includes colonization of mosquitos and humans. d, T. spiralis is a nematode parasite whose lifecycle includes colonization of humans, pigs, and other carnivorous mammals. e, C. intestinalis is a marine chordate. and the evolution of the chymotrypsin-like serine proteases. The evolutionary histories of the proteases and their inhibitors seem to be independent.
DISCUSSION
Comparison of codon usage by the nearly absolutely (Ͼ90%) conserved Ser residues Ser-53 of serpins and the active site Ser-195 of serine proteases indicates that serpins followed a more conservative evolutionary pathway. Ser-53 has steadfastly retained TCN codon usage, whereas the evolutionary history of Ser-195 reveals more than one possible TCN3 AGY transition (6) . This is also reflected in the distance matrices used to generate evolutionary trees and identify "parent inhibitors." The average distance in the serpin matrix is 1.73, whereas the average distance in the protease matrix (14) is 2.20. Thus, the serpins are more similar to each other and are more parsimonious with regard to sequence changes. Phylogenetically, serpins group according to species and not function, unlike the proteases (14, 15) . The main driving force behind serpin evolution was therefore the emergence of new phyla. Within phyla, functionally dissimilar proteins may share significant sequence similarity. Serpins may reflect a picture of the protease world that existed before the major functional radiation of the proteases.
The correlation between Ser-56 codon usage and speciation is part of a larger trend in which AGY codons have become utilized in greater numbers during the course of species evolution based on codon usage frequencies tabulated from sequence databases (16) . Codon usage at Ser-56 is linked to a species' relative AGY content as is phylogeny. Deuterostomes utilize AGY codons in greater numbers than plants, viruses, or other species (Table II) . This constitutes further evidence on the phylogenetic level that TCN was the primordial serine codon.
Ser-53 and Ser-56 are located within a cluster of conserved residues within the shutter region of the serpin fold. The shutter is centrally located and lies at the intersection of the major secondary structural elements of the A␤-sheet. Along with the breach, the shutter facilitates sheet opening and accepts the conserved hinge of the reactive center loop, which in turn permits translocation of the protease from one pole of the serpin to the other (10) . The evolutionary importance of the shutter in serpin evolution is underscored by the ability of shutter mutations to cause protein malfunctions that result in human disease. The S53F mutant of ␣ 1 -antitrypsin causes inappropriate polymerization and the formation of inclusion bodies, leading to liver disease and emphysema (17, 18) . The S53P and S56R mutants of neuroserpin also polymerize, leading to pre-senile familial dementia (19) . A variety of inhibitory serpins do not use Ser at position 56. This residue is not universally crucial for serpin function. Whereas S56R is devastating in neuroserpin, Arg-56 is the wild-type residue in carp ␣ 1 -antitrypsin. Ser-56 per se appears significantly less crucial for conformational flexibility than Ser-53. The importance of Ser-56 hinges on differential codon usage. Ser-56 is a useful evolutionary marker because it is located in a key region and is sufficiently conserved such that the TCN-AGY dichotomy provides meaningful information. The TCN3 AGY transition tied to Ser-56 demonstrates that additional non-silent sequence changes were taking place within the shutter region as deuterostome serpins evolved.
The three-way correlation of phylogenetic trees, Ser-56 codon usage, and speciation indicates that Ser-56 is a sensitive barometer for changes occurring throughout the serpin sequence and that those changes are closely associated with species evolution. Perhaps the most surprising aspect is that TCNlineage inhibitors were not retained by chordates but were simply replaced by AGY-lineage inhibitors. Proteases do not display a similar pattern of species-specific evolution. In chordates, primordial-lineage proteases such as trypsin and chymotrypsin have been retained alongside modern-lineage proteases such as thrombin and protein C (6).
TCN-lineage inhibitors, which predate the protostome-deuterostome divergence, may have some utility within a chordate molecular environment as evidenced by their retention by the parasite T. spiralis and the pox viruses. Deuterostome serpins and closely related protostome serpins from parasites are likely to share a common ancestor according to the dendrogram in Fig. 2 . T. spiralis and the pox viruses may have obtained their TCN-lineage serpins by horizontal transmission from protostome hosts that were similar to those from which the deuterostomes evolved. This hypothesis helps explain the parent inhibitor role of the T. spiralis serpin and the similarity of pox virus serpins to the deuterostome serpins.
Horseshoe crab serpins are AGY-lineage unlike other protostome serpins, which suggests that arthropod AGY-lineage serpins were also similar to the protostome TCN-lineage serpins that gave rise to deuterostome AGY-lineage serpins. The ancestor of the AGY-lineage serpins may have been associated with a primitive arthropod hemolymph-clotting system. The limulus intracellular coagulation inhibitor serpins belong to the AGY lineage unlike most arthropod serpins, implying that a TCN3 AGY transition was associated with the development of hemolymph clotting. TCN3 AGY transitions also occurred at the serine protease residues Ser-195 and Ser-214 to give rise to horseshoe crab clotting factor C, a modern-lineage protease that initiates the hemolymph-clotting cascade. Serpin and protease TCN3 AGY transitions might have occurred contemporaneously, raising the possibility of limited coevolution of serpins and proteases in the development of clotting cascades.
The two archaeal serpins identified in this study belonging to Methanosarcina species appear to belong to the AGY lineage. Given the extreme metabolic profile of Methanosarcina, it is unlikely that such a species pathogenized a deuterostome and obtained AGY-lineage serpins by lateral transfer. Phylogenetic trees indicate that archaea diverged from the eukarya prior to the divergence of plants, animals, and protists (20, 21) , which would have pre-dated the emergence of the ancestor of deuterostome AGY-lineage serpins. Therefore, it seems that the Methanosarcina serpins belong to a distinct AGY lineage. A similar phenomenon was observed for several archaeal acylpeptide hydrolases (clan SC, family S9). Those proteases occupy the most modern possible evolutionary category for clan SC, whereas eukaryotic proteases of the same family have not yet evolved to occupy that category (6) . The extreme environmental pressures faced by archaea were the likely evolutionary driving force behind the sequence change. The phenomenon of AGY-lineage archaeal serpins underscores the particularly important role of speciation in serpin evolution. At the functional level, new phylogenetic lineages of serpins evolved as members of the superfamily faced the challenges posed by the increasingly complex molecular environments of emerging phyla. At the sequence level, the shutter region remained a stable bastion of highly conserved residues that changed only in response to the most severe evolutionary pressures. The arrival of the diverse protease environment of the deuterostomes provided sufficient evolutionary tumult to change the shutter region, documented quietly by the appearance of AGY codons to encode Ser-56.
